Objective: We sought to examine the vestibular function and whether an association exists between vestibular function and hearing thresholds in a group of military aircraft-maintenance workers with exposures to high levels of noise and organic solvents, relative to two different comparison groups. Methods: Vestibular function (using functional reach) and hearing (with pure-tone audiometry) were assessed in 601 exposed personnel, compared with two unexposed groups (500 technical trade and 391 nontrade). Results: Linear regression model showed that functional reach was slightly better for the comparison groups than the exposed group, with only one group being statistically significant, and there was a significant association between vestibular function and auditory thresholds at 500 and 1000 Hz.
Prasher 11 found that chronic vestibular disturbances are common in workers exposed to solvents. This is not surprising because the proximity of the vestibular labyrinth to the cochlea, the great similarity in cochlear and vestibular hair-cell ultrastucture, the fact that both balance and auditory receptors share the membranous labyrinth, and the common arterial blood supply of the cochlea and vestibular end organs via the same end artery, all support the possibility of vestibular damage associated with excessive noise and ototoxic exposures.
Military personnel and aircraft-maintenance workers are two occupational groups where associations between exposure to extremely loud noise, hearing loss, and vestibular dysfunction and between solvents and vestibular dysfunction have been observed. 3, 5, 12, 13 In a study of 258 Israeli infantrymen exposed to impulse noise from gunfire during their military service, Golz et al 3 noted both symmetrical and asymmetrical noiseinduced hearing loss, noting that those with asymmetrical hearing loss had the evidence of vestibular pathology. In another study, Juntunen et al 5 conducted detailed neurological and audiological examinations and body-sway measurements in high-energy, intermittent, noise-exposed personnel finding that more severe the hearing loss, the more sway was exhibited. The authors concluded that subclinical disturbance of the vestibular system existed among subjects with impulse noise-induced hearing loss. In a population of US Air Force aircraft-maintenance personnel, Smith et al 12 compared 30 personnel exposed to jet fuel with an equivalent number of unexposed personnel. A test of postural sway was conducted, which found that those with fuel exposure had greater sway length, suggesting subtle influence of the exposure on vestibular/proprioception functionalities. Finally, Prasher et al 13 conducted a study that focused on aircraft-maintenance workers exposed to a mixture of solvents and intermittent noise, comparing measures with mill workers exposed to noise alone, printed circuit board workers exposed to solvents alone, and a control group exposed to neither. There was a significant difference in thresholds of hearing using pure-tone audiometry between the unexposed and both the noise-only and noise-and solvent-exposed groups. Nevertheless, a third of the noise and solvent exposed had abnormalities of the auditory brainstem responses and abnormal posturographic findings. In addition, using a measure of acoustic reflex thresholds showed a pattern of differences, which differentiated the noise-only-exposed from the noise-and solventexposed groups. A total of 32% of participants in the solvent-and noise-exposed group had an abnormal posturographic finding.
One occupational group that has been exposed to both excessive noise and solvents and is thus at potentially increased risk of hearing loss and balance disorders is F-111 fuel tank-maintenance workers. The F-111 aircraft does not have dedicated fuel bladders; instead, fuel occupies the empty spaces between other metal structures. Over time, the watertight sealant between mating and internal structures degraded, and it was necessary to set up periodic sealant-repair programs, which required dissolving the original sealant, removing it (desealing), and then replacing it with new sealant (resealing). These processes involved a variety of activities, including substantial solvent exposure.
In Australia, the Royal Australian Air Force (RAAF) performed four formal F-111 fuel tank Deseal/Reseal (DSRS) programs over more than two decades (1975 to 1999), each involved different processes and a range of approximately 60 hazardous substances that included jet fuel, a variety of organic solvents, epoxy resins, and various paint formulations. 14 Between 2001 and 2004, we conducted a comprehensive, large-scale epidemiological investigation on behalf of the Australian Department of Defence of all personnel involved in the formal DSRS activities in Australia since the programs began. [15] [16] [17] [18] [19] We focused on sensory and neuropsychological measures in this study, due mainly to evidence of their association with organic solvent exposures and a large number of anecdotal complaints about these outcomes. 20, 21 The impetus for including a measure of vestibular function in this study was the high levels of exposure to ototoxic and neurotoxic agents to which the F-111 DSRS workers had been exposed that may well have affected balance.
The purpose of this article is to compare vestibular function between workers involved in F-111 fuel tank maintenance and appropriate control groups. In addition, we sought to determine whether vestibular function is associated with auditory threshold, given their close anatomical and physiological relationship. We have previously reported high levels of hearing loss in this study population.
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METHODS
The Study of Health Outcomes in Aircraft Maintenance Personnel was a retrospective cohort study investigating the possible association between DSRS activities and adverse health status. The study involved a mailed postal questionnaire and a series of clinic assessments. The methods have been reported previously in detail 15, 17, 19 and are briefly summarized here.
Study Population
The study consisted of an exposed population who had been involved in one or more of the four formal DSRS activities ("exposed" cohort) and two appropriate comparison groups ("Richmond comparison" and "Amberley comparison" cohorts). Because there were no reliable records that conclusively identified all DSRS workers, the sampling frame for the exposed group was assembled by using squadron photographs, aircraft-maintenance logs, e-mails to defense personnel, advertisements in local and national newspapers, a free-call hotline, and "snowballing" techniques, whereby DSRS workers nominated others whom they had worked with. Deseal/Reseal exposure was confirmed via a mailed exposure questionnaire, specifically developed for the study.
Two comparison groups were obtained by using stratified random sampling from the computerized Air Force Personnel Executive Management System, with stratification by gender, 5-year age group, 5-year posting category, and rank category:
1. Contemporaneous comparisons from the persons in same base (Amberley RAAF base) who worked in non-aircraft-maintenance jobs, which allowed comparison of "same base, different job." 2. Contemporaneous comparisons from the persons in a different RAAF base (in Richmond, New South Wales, Australia) who did work in aircraft maintenance, but not on F-111 aircraft, which allowed comparison of "different base, similar job."
All participants met minimum physical fitness requirements on enlistment.
Clinical Assessment
A number of clinical examinations were performed by a physician, nurse, and clinical psychologist, all of whom were blinded to the exposure status of the participant. The assessment was conducted over a total of 3 to 4 hours at one of eight offices of Health Services Australia, a national provider of health assessments. Functional reach was assessed by the physician, and hearing and height were assessed by a trained occupational health nurse. In addition, all participants were screened by using the Rey-15 item test 23 to examine the potential for inadequate effort during testing. Scores of eight or less on this test were judged to be an indication of potentially unreliable results, and these individuals were excluded from the analysis.
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Functional Reach
There is no consensus on the most appropriate method to assess the components of vestibular function in epidemiological studies. Therefore, we chose a safe, semiquantitative, and inexpensive measure of balance performance called the Functional Reach Test, introduced by Duncan et at. 26 The test measures the maximum distance an individual can reach forward while standing and maintaining a fixed base of support. The test is simple to perform, utilizes a continuous scoring system, and feasible in a clinical setting. The measure has been found to be reliable, and correlates well (Pearson r = 0.71) with those obtained by using more precise electronic apparatus.
Participants were measured in bare feet, standing with feet parallel, and a comfortable distance apart. The participants flexed the shoulder (of the dominant arm), with elbow fully extended. Functional reach was determined, using a wall-mounted measure, as the maximal distance a participant can reach forward beyond arms length while maintaining a fixed base of support in a standing position. Five trials were performed, and the mean of the last three trials was recorded. A trial was discarded if the participant reached down (eg, the hand moved down toward the ground), whereby the arm was not in the horizontal plane parallel to the floor. 26 
Hearing Assessment
To assess hearing, pure-tone audiometry was undertaken. The methods have been reported previously in detail 22 and are briefly summarized here. Eight auditory thresholds were measured in each ear by pure-tone audiometry (air conduction) by using an ascending/descending technique in 5-dB steps at the frequencies of 500, 1000, 1500, 2000, 3000, 4000, 6000, and 8000 Hz.
Exposure to Noise
Participants were exposed to two sources of noise: job-specific noise and noise from aircraft movements on the base. There are no estimates of noise exposure for job-specific tasks or for individual participants; however, noise levels are available for the various aircraft types operating from the two bases. At the Amberley base, the main fixed-wing aircraft to operate are the F-111s, which have two Pratt and Whitney TF-30 turbofan jet engines. Noise levels adjacent to an F-111 on the tarmac, with one engine running on full power with afterburner and the second engine running a maximum military power, is 130 dBA. In addition, there are two types of rotary-wing aircraft: Blackhawk helicopters, which have a single rotor and a single General Electric T700-GE-701C turbine engine, and Chinook helicopters, which have tandem rotors and two Lycoming gas turbine engines. During run-up, the Blackhawk has noise levels of 100 dBA and the Chinook, 76 to127 dBA. The first DSRS program at Amberley was from 1977 to 1984 and was located at the end of the runway adjacent to the engine test stand. Noise levels in the DSRS area, when an engine was being tested, was 106 dBA.
At the Richmond base, two types of fixed-wing aircraft operate: the C-130 Hercules with four Allison turboprop engines and the Caribou with two Pratt and Whitney R-2000 14 cylinder radial engines. Noise levels for these aircraft, when taxiing from hanger to runway, are 100 to 108 dBA and 83 to 90 dBA, respectively.
Potential Confounders
During the clinical examination, the participants' height was measured and the level of anxiety/depression was assessed by using the Kessler Psychological Distress scale (K-10), which measures the symptoms of anxiety and depression over the 4 weeks before the test. The K-10 scores of less than 16 indicate low or no probability of having anxiety and depression, while scores greater than 29 indicate a high probability. 27 Information was also obtained on alcohol intake, smoking history, diagnosis of diabetes (confirmed by physician), current medications, and a civilian job history calendar. Alcohol intake was coded to four categories: teetotaler and safe drinker, moderate drinker, hazardous chronic drinker, and hazardous binge drinker by using Australian Alcohol Guidelines. 28 Smoking behavior was classified as never smoked, ex-smoker, or current smoker. Participants provided a list of medications regularly used, which were subsequently coded by a research pharmacist according to the anatomical therapeutic chemical classification of World Health Organization. Also, of interest to this study was the use of antidepressants, because recent studies have reported that serotonergic antidepressants (selective serotonin reuptake inhibitors) improve vestibular function in humans, while their discontinuation provokes acute vestibular deficits. [29] [30] [31] Civilian job history calendar was used to determine whether there had been any civilian exposure to organic solvents, lead, excess noise, and impulse noise. These data were obtained by initially classifying jobs to the Australian Standard Classification of Occupation 32, 33 and translated into the occupation codes used in the Finnish Job Exposure Matrix. 34 Participants were classified as having an exposure if they had reported a civilian job for which the Finnish Job Exposure Matrix probability of exposure was greater than 20%.
Statistical Analyses
The outcomes of interest for this study were functional reach, measured in centimeters, and the ratio of functional reach to height. Sociodemographic characteristics and other potential confounders were compared across the three exposure groups by using analysis of variance (for continuous measures) or Pearson chi-square test (for categorical measures). A multiple linear regression model was used to determine the association between functional reach and F-111 DSRS exposure, adjusting for confounders. All variables of interest were initially included in the model, and backward stepwise methods were used to exclude variables that had a P > 0.1 on the Wald test. Coefficients with 95% confidence intervals were reported.
Multiple linear regression was also used to determine whether any association exists between the functional reach and the auditory threshold at the eight measured frequencies (0.5 to 8000 Hz) in both ears. Since this approach results in sixteen observations per person, cluster-correlated robust standard errors were obtained to adjust for correlation among multiple observations within individuals. 35 Using indicator variables for the eight frequencies, Wald tests were used to test whether hearing thresholds at the different frequencies had differing effects on functional reach. All variables of interest were initially included in the model, and backward stepwise methods were used to exclude variables that had a P > 0.1 on the Wald test. Interactions were tested for hearing threshold and confounding variables and functional reach to height ratio and confounding variables. All normality assumptions were verified by visual inspections of normal probability plots and histograms of residuals. Akaike information criterion, using goodness-of-fit test was used to compare models to identify the best-fitting model. The statistical analysis package STATA v11.0 (StataCorp, College Station, Texas) was used for all analyses.
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RESULTS
Response to recruitment and final participation figures has been reported previously. 17, 19 In summary, 872 exposed individuals, 1251 Amberley comparisons, and 1264 Richmond comparisons were eligible for inclusion in the General Health and Medical Study, of whom 1716 participants (51%) completed at least some part of the postal questionnaire and 1538 (45%) had a health examination.
A small number of participants in each group did not complete all questions in the postal questionnaire; therefore, totals in each analysis vary accordingly. Table 1 represents the distribution of characteristics across the three exposure groups.
Functional Reach
Of the 1538 participants who had a health examination, functional reach was not tested in 29 participants and 17 participants did not successfully complete the Rey 15-item test and were excluded from the analysis. The functional reach ranged from 10 cm to 63 cm (mean = 40.2; SD = 7.5). Analysis of variance showed statistically significant differences in mean functional reach among the three groups, with the lowest functional reach in the F-111 DSRS group and the highest for the Richmond comparison group ( Table 1 ). The multiple linear regression analysis showed that functional reach was slightly better for the Amberley and Richmond comparison groups than the exposed group, but only the Richmond group was significantly different (P = 0.04). However, since functional reach is measured in centimeters and the average difference between the exposed and Richmond comparison groups was less than 1 cm, this small difference is not clinically significant. The model also showed that functional reach decreased with age and was exacerbated in those with anxiety and depression (P < 0.01). Parenthetically, functional reach improved as height increased (P < 0.01). The result of the parsimonious model is given in Table 2 .
Functional Reach and Hearing
The multiple linear regression analysis of functional reach found an association with auditory thresholds of both ears at the eight frequencies (16 observations per participant). As functional reach improved significantly with height, it was found that to scale functional reach by the participant's height provided a more normal distribution of the residuals. Using indicator variables for the frequencies, Wald tests revealed no differences between the effect of 500 to 1000 Hz and 1500 to 8000 Hz. Therefore, two categories were created: low frequency (500 to 1000 Hz) and medium/high frequencies (1500 to 8000 Hz) for a modest improvement in Akaike information criterion. Interactions between threshold and frequency and between threshold and Kessler anxiety/depression scale were significant and thus included in the model. The functional reach to height ratio was found to be significantly better for the Richmond group (P = 0.04), but at half a centimeter of reach per 100 cm of height, this is barely clinically significant. Of greater impact however is the Kessler anxiety/depression measure, with a decrease of 2.5 cm of reach, on average, per 100 cm of height for those with a Kessler score of 40. The interaction of this measure with the auditory threshold shows that this effect is worsened as the auditory threshold increases (P < 0.01). The result table for this model is given in Table 3 .
Predicted values of functional reach to height ratio are presented in Figures 1, 2 . Figure 1 shows the predicted functional reach to height ratio, as a function of auditory threshold, at low frequencies for unexposed 30-year-old persons, for both the anxious/depressed and normal persons, together with 95% confidence bands. The model estimates that a 200-cm-tall person with a 20-dB auditory threshold at low frequencies with anxiety and depression (Kessler score = 40) can expect a 2 1/2-cm reduction in functional reach, whereas a similar person without anxiety and depression can expect just a half-centimeter reduction in functional reach. Figure 2 shows the analogous prediction for high frequencies. An immediate observation is that while increasing auditory threshold at low frequencies is strongly associated with a reduction in functional reach per centimeter of height, the same effect is not seen for participants at high frequencies. 
DISCUSSION
In this study, we found an association between balance, measured as functional reach, and exposure group. While the difference in functional reach between F-111 aircraft-maintenance workers and the Richmond comparison group was statistically significant, it was not clinically useful with a value of less than 1 cm. While the finding that both age and height were strongly associated with functional reach as might be expected, we also found that the likelihood of suffering anxiety and/or depression when measured with the Kessler 10 was associated with a reduction in functional reach.
In 2001, Jacob and Furman 37 reported that the study of the relationship between vestibular disorders and psychiatric disorders was an emerging field. Since then, research has shown that a relationship exists between anxiety and vestibular/balance dysfunction (VBD) and a pathogenetic interplay has been postulated. Kalueff 29 noted that several reviews have evaluated clinical data linking stressrelated disorders with VBD and discussed several theories of their interplay, including anxiety-evoked VBD (psychosomatic theory), VBD-evoked anxiety (somatopsychic theory) and the possibility of common pathogenetic mechanisms for both states.
Our findings on the relationship between auditory threshold at the low frequencies of 500 and 1000 Hz on functional reach and the interplay with Kessler 10 score where the score is sufficient to be categorized as having a high likelihood of having anxiety and/or depression was unexpected. We are unable to address causation; rather, we can only report the existence of this association. Auditory and vestibular function is often discussed together in the literature because they are anatomically and physiologically similar and their functions and dysfunctions sometimes share common genetic determinates. Rhodes et al, 38 for example, reported mice with a particular genetic mutation and VBD also had low-frequency hearing loss. In a human population, Street et al 39 reported progressive sensorineural hearing loss, first altering low-frequency auditory thresholds for a particular human pedigree, which progresses to include vestibular function. Indeed, Meniere's disease is diagnosed by a low-frequency hearing loss followed by balance disturbances. 40 In the auditory literature, there have been some reports suggesting exposure to excessive workplace noise that is sufficient to cause hearing loss in combination with exposure to neurotoxins, such as organic solvents, which may also cause damage to the vestibular system. 11 Our finding is noteworthy because we have demonstrated that higher auditory thresholds in the low frequencies are related to poorer performance in the functional reach test. A number of studies with military populations have shown vestibular effects with hearing loss 3, 5, 13 and the effects of organic solvent exposure on the vestibular system. 12 The link with low-frequency auditory thresholds has not previously been reported in an occupational study. Supporting evidence come from animal and human studies, demonstrating the physiological link between VBD and low-frequency auditory thresholds. 38, 39 Noise-induced hearing loss is the most common occupational disease in Australia, and slips, trips, and falls are the most commonly reported accidents. If hearing is affected in the low frequencies, does this predict that workers will have a greater propensity to fall? If there is a link, this finding has important implications for the practice of occupational health and safety in the workplace. For example, a relationship between hearing loss and vestibular function increases the importance of controlling high-intensity noise together with ototoxic substances.
Study Strengths and Weaknesses
This large cross-sectional study has demonstrated that the military population studied has reduced vestibular function, where auditory thresholds at low frequencies are greater than 20 dB. It is the first study of an occupational population to show the relationship between hearing loss and vestibular function. Nevertheless, it is not possible to show whether the observed effects are caused by ototoxicity, high levels of noise exposure, or a synergistic relationship between these two factors. The findings, in relation to anxiety and depression, add to the complexity of this field of study, indicating the need for further research.
In this study, we minimized the following possible forms of bias, which could have affected the study:
1. Selection bias--recruiting two age, gender, posting period and rank-matched comparison populations and screening the exposed population with an exposure questionnaire; 2. Volunteer bias--by randomly selecting comparison populations; and 3. Measurement bias-by using wherever possible objective measures versus self-report outcomes, and testing all study participants for deliberate inadequate effort by screening with the Rey test.
It is important to bear in mind that a weakness in the study is that it was carried out retrospectively without individual data on noise or solvents exposure. A prospective study that includes measures of a participant's exposure levels would help us to better understand the exposures causing this effect. In addition, studies using more refined tests of vestibular function, such as postural sway or electromyography, and more central hearing tests, such as otoacoustic emissions, which would be able to distinguish deficits in vestibular function and hearing loss due to ototoxicity, preferably with multiple follow-up are needed to clarify the cause(s) of the observed effects.
CONCLUSION
This study has examined the effects of DSRS chemical exposure and aircraft maintenance on vestibular function, finding a statistically significant difference with one of the two exposure groups but was not clinically significant. This study has, however, demonstrated a relationship among low-frequency hearing loss, vestibular dysfunction, anxiety, and depression in an occupational population. While the findings have not determined whether the observed effects are noise-induced, solvent-related, or a synergetic interaction, it has highlighted the need for further research in occupational populations.
